We cloned the genes encoding the ribosomal proteins Ph (Pyrococcus horikoshii)-P0, Ph-L12 and Ph-L11, which constitute the GTPase-associated centre of the archaebacterium Pyrococcus horikoshii. These proteins are homologues of the eukaryotic P0, P1/P2 and eL12 proteins, and correspond to Escherichia coli L10, L7/L12 and L11 proteins respectively. The proteins and the truncation mutants of Ph-P0 were overexpressed in E. coli cells and used for in vitro assembly on to the conserved domain around position 1070 of 23S rRNA (E. coli numbering). Ph-L12 tightly associated as a homodimer and bound to the C-terminal half of Ph-P0. The Ph-P0 ᭹ Ph-L12 complex and Ph-L11 bound to the 1070 rRNA fragments from the three biological kingdoms in the same manner as the equivalent proteins of eukaryotic and eubacterial ribosomes. The Ph-P0 ᭹ Ph-L12 complex and Ph-L11 could replace L10 ᭹ L7/L12 and L11 respectively, on the E. coli 50S subunit in vitro. The resultant hybrid ribosome was accessible for eukaryotic, as well as archaebacterial elongation factors, but not for prokaryotic elongation factors. The GTPase and polyphenylalanine-synthetic activity that is dependent on eukaryotic elongation factors was comparable with that of the hybrid ribosomes carrying the eukaryotic ribosomal proteins. The results suggest that the archaebacterial proteins, including the Ph-L12 homodimer, are functionally accessible to eukaryotic translation factors.
INTRODUCTION
The 'GTPase-associated centre' is a functional site in the large ribosomal subunit that is responsible for GTPase-related events, which are dependent upon translation factors in protein biosynthesis. Protein components of this site in most eubacterial ribosomes constitute a characteristic pentameric complex, L10(L7/ L12) 2 (L7/L12) 2 [1, 2] in which two L7/L12 homodimers bind to the C-terminal region of L10 [3] , although recent studies have discovered a heptameric form, L10(L7/L12) 2 (L7/L12) 2 (L7/L12) 2 , in a few eubacterial species [4, 5] . The L10 ᭹ L7/L12 complex, together with another protein, L11, binds to the highly conserved domain around position 1070 (Escherichia coli numbering is used throughout) of 23S rRNA through interaction with the L10 moiety [6] [7] [8] . The protein complex constitutes a highly flexible and functionally important protuberance, the so-called 'stalk', in the ribosome [9] . Although the ribosomal stalk can be observed by cryo-electron microscopy [10] , the detailed structure within the ribosome has not been resolved by X-ray crystallography [11] [12] [13] .
The eukaryotic ribosomal phosphoproteins P0 and P1/P2 (P proteins) are counterparts of eubacterial L10 and L7/L12 respectively [14] . Unlike eubacterial, L7/L12, the eukaryotic stalk proteins, P1 and P2, are related, but are different proteins [15] [16] [17] . Previous biochemical and genetic studies indicate that P1 and P2 form a heterodimer [18] [19] [20] [21] [22] , and that the interaction between the two proteins is important for their assembly on to P0 in order to constitute the pentameric complex [21, 23] , designated as 'P0 ᭹ P1-P2'. This complex not only binds to eukaryotic 28S rRNA, but also cross-binds to prokaryotic 23S rRNA [24] and determines the specificity of the ribosome for eukaryotic elongation factors (eEFs), eEF-1α and eEF-2 [25] .
Archaebacteria constitute a third primary biological kingdom, separate from eubacteria and eukaryotes [26] . The archaebacterial translocase, EF-2, functions only with ribosomes from the same kingdom [27] , although the ribosomes from methanogens, but not from Thermoplasma acidophilum or Sulfolobus solfataricus, showed some accessibility to eEF-2 [27, 28] . There is, however, limited information about the functional structure of the ribosomal GTPase-associated centre in archaebacteria. Comparison of the components constituting the archaebacterial active site with those in eubacteria and eukaryotes has shown that: (i) the secondary structure of the position 1070 domain of 23S/28S rRNA is highly conserved among the three kingdoms [28, 29] , although the base at position 1067, one of the EF-G (elongation factor-G)/eEF-2-binding sites [30, 31] , is adenine in archaebacteria and eubacteria, but is guanine in eukaryotes [32, 33] (see Supplementary Figures S1 and S2 at http://www.BiochemJ.org/bj/396/bj3960565add. htm) and the amino acid sequences and molecular mass of L7/L12-and L10-like proteins in archaebacteria show greater similarity with eukaryotic proteins than eubacterial proteins [34] (see Supplementary Figures S2-S4 at http://www.BiochemJ.org/bj396/ bj3960565.add.htm).
The most inscrutable and interesting point is that only one species of archaebacterial L7/L12-like protein has been detected, despite its structural similarity to eukaryotic P1 or P2 proteins. A chemical cross-linking study of S. solfataricus ribosomes has suggested that the L7/L12-like protein is present as a homodimer in the 50S subunit, and presumably two homodimers are anchored to the L10-like protein [35] . The truncation study of the S. solfataricus L7/L12-like protein has shown that the N-terminal region is important for its incorporation into the ribosome [36] . In a functional study, it was shown that S. solfataricus ribosomes that were treated with ethanol to remove the L7/L12-like proteins retained significant activity in polyphenylalanine synthesis [36] .
To clarify the mode of assembly of the archaebacterial ribosomal GTPase-associated centre and its function, we cloned and expressed the L7/L12-, L10-and L11-like proteins of Pyrococcus horikoshii, designated Ph (Pyrococcus horikoshii)-L12, Ph-P0 and Ph-L11 respectively, and performed in vitro reconstitution of the functional site, together with the position 1070 domain of 23S rRNA. The functionality of these P. horikoshii proteins was tested in a previously developed hybrid ribosome system [25] , in which the E. coli L10 ᭹ L7/L12 complex and L11 on the 50S subunit were replaced with the equivalent proteins from the other species. By using the hybrid ribosome system, the present study clearly shows that the P. horikoshii proteins, including the Ph-L12 homodimer, make the E. coli ribosomes accessible to eEFs, as well as archaebacterial elongation factors, but not eubacterial elongation factors. The eukaryotic P1-P2 heterodimers associated with P0 appear to be compatible with the archaebacterial stalk homodimers bound to the anchor protein, without significant loss of ribosomal function.
EXPERIMENTAL Plasmid construction, protein expression and purification
Genomic DNA from the archaebacterium P. horikoshii was prepared as described by Blin and Stafford [37] . The coding regions for ribosomal proteins Ph-L12, Ph-L11, Ph-P0 and the Cterminal truncation mutants of Ph-P0, C 105 and C 131 were amplified by PCR [38] and inserted into an E. coli expression vector, pET-3a or pET-28c (Novagen). Proteins expressed in E. coli cells were purified as follows. The expressed Ph-P0 was present in the insoluble fraction and was solubilized in Buffer A, which consisted of 20 mM sodium acetate (pH5.5), 7 M urea and 5 mM 2-mercaptoethanol, dialysed against Buffer A, and was then applied to a column of CM-cellulose (Whatman) equilibrated with the same buffer. Ph-P0 was eluted in Buffer A containing 0.06 M LiCl. The Ph-P0 fraction was dialysed overnight against Buffer B, which consisted of 20 mM sodium phosphate (pH 6.5), 6 M urea, 100 mM LiCl and 5 mM 2-mercaptoethanol, and was further purified by HPLC on a DEAE-5PW column (Tosoh) in a linear gradient of 100-280 mM LiCl. The truncation mutants of Ph-P0 were purified by using an AKTA FPLC system with Resource S and Resource Q columns (Pharmacia) under similar conditions. Ph-L11 and Ph-L12 in the soluble fraction were enriched by incubation of the S100 fractions at 90
• C for 10 min followed by removal of insoluble material formed upon the heating by centrifugation. The soluble protein samples were dialysed overnight against Buffer C, which consisted of 20 mM sodium acetate (pH 4.5), 7 M urea and 5 mM 2-mercaptoethanol, and were then applied to a column of CM-cellulose equilibrated with the same buffer. Ph-L12 and Ph-L11 were eluted in Buffer C containing 0 and 0.06 M LiCl respectively. The Ph-L12 fraction was dialysed overnight against Buffer B and purified by HPLC on a DEAE-650S column in a linear gradient of 100-325 mM LiCl. The Ph-L11 fraction was dialysed overnight against Buffer D, which consisted of 20 mM sodium phosphate (pH 6.5), 6 M urea, 5 mM LiCl and 5 mM 2-mercaptoethanol, and was purified by HPLC on a CM-5PW column (Tosoh) with a linear gradient of 5-204 mM LiCl. The silkworm (Bombyx mori) counterparts, P0, P1/P2 and eL12 (a eukaryotic homologue of prokaryotic L11) were also expressed in E. coli cells and purified as described recently [39] . Expression and purification of the E. coli equivalent proteins L10, L7/L12 and L11 were performed as described previously [40] .
In vitro RNA synthesis
The P. horikoshii rDNA fragment corresponding to residues 1142-1240 of 23S rRNA, which is similar to residues 1030-1128 of E. coli 23 S rRNA (designated here as the 1070 fragment), was amplified by PCR and inserted into the HindIII and BamHI sites of the pT7Blue T-Vector (Novagen). Synthesis and purification of the RNA fragment was performed as described previously [41] except that T7 RNA polymerase was used instead of SP-6 RNA polymerase. The RNA fragments containing residues 1029-1127 of E. coli 23S rRNA and the equivalent region (residues 1841-1939) in rat 28S rRNA were synthesized as described [41, 42] .
In vitro reconstitution of Ph-P0
The putative 'stalk complex' corresponding to the eukaryotic P0 ᭹ P1-P2 complex was reconstituted by mixing isolated Ph-P0 and Ph-L12 at a molar ratio of 1:6 in a buffer containing 7M urea, 300 mM KCl, 5 mM 2-mercaptoethanol and 20 mM Tris/HCl (pH 7.6) and by dialysis against the same buffer without urea, as described previously [21] . This procedure using urea is essential for in vitro reconstitution of the functional eukaryotic protein complex, since isolated eukaryotic P0 is insoluble in the absence of urea. Although isolated Ph-P0 and Ph-L12 were soluble and bound to each other without urea, the Ph-P0 ᭹ Ph-L12 complex formed by using urea showed slightly higher activity in factor accessibility than the complex formed without urea. Therefore, the stalk protein complexes used in the present study (Ph-P0 ᭹ Ph-L12, as well as silkworm P0 ᭹ P1-P2 and E. coli L10 ᭹ L7/L12) were all reconstituted by the same procedure using urea [21] . The molecular assembly of Ph-P0 ᭹ Ph-L12 and Ph-L11 on the 1070 rRNA fragment was carried out in a solution containing 20 mM MgCl 2 , 300 mM KCl and 20 mM Tris/HCl (pH 7.6), as described in [21] . The complexes formed were assayed by 6 % (w/v) polyacrylamide (acrylamide/bisacrylamide ratio 39:1) native gel electrophoresis at 6.5 V/cm with a buffer system containing 5 mM MgCl 2 , 50 mM KCl and 50 mM Tris/HCl (pH 8.0). Samples were electrophoresed for 6 h at constant voltage and 4
• C with buffer recirculation. The gel was subjected to autoradiography.
Ribosomal subunits, 50S core particles and hybrid 50S particles E. coli ribosomal subunits were prepared as described previously [24, 25] . The 50S core, deficient in L10 ᭹ L7/L12 and L11, was prepared by extraction of the 50S subunits from the L11-deficient E. coli mutant, AM68 [43] , in a solution containing 50 % ethanol and 0.5 M NH 4 Cl at 0
• C, as described previously [25] . The P. horikoshii-E. coli or silkworm-E. coli hybrid 50S particle was prepared by mixing the E. coli 50S core with the P. horikoshii ribosomal proteins or silkworm proteins [25] as described in the Figure legends, followed by incubation at 37
• C for 5 min.
Acrylamide/agarose composite gel electrophoresis
The samples of hybrid 50S particles were analysed by electrophoresis on acrylamide/agarose composite gels composed of 3 % (w/v) acrylamide (acrylamide/bisacrylamide, 19:1) and 0.5 % (w/v) agarose [44] , as described previously [25] . Gels were stained with 0.2 % Azur B.
EFs and functional assays
eEF-1α and eEF-2 were isolated from pig liver as described by Iwasaki and Kaziro [45] . Ph-EF-1α and Ph-EF-2 from P. horikoshii, were expressed in E. coli cells using plasmids that were constructed by insertion of individual coding sequences into the pET-22b vector (Novagen). The S100 fractions of individual cells were heated at 90
• C for 10 min to remove E. coli proteins. The supernatant containing Ph-EF-1α was applied to a column of CMcellulose equilibrated with a buffer of 20 mM sodium phosphate (pH 6.8) and 5 mM 2-mercaptoethanol, and Ph-EF-1α was eluted in the same buffer containing 0.02 M LiCl. Ph-EF-2 was isolated by elution from a DEAE-cellulose column equilibrated with a buffer of 20 mM Tris/HCl (pH 8.0) and 5 mM 2-mercaptoethanol. E. coli EF-Tu and EF-G were overexpressed in E. coli cells by using the pET-3a vector (Novagen), and purified from the cell extract by DEAE-sephadex A-50 column chromatography, as described in [46] . The assay for ribosomal GTPase activity dependent on eEF-2 and Ph-EF-2 was performed as described previously [21] . The assay for GTPase activity dependent on E. coli EF-G was described previously [40] , except that the reaction mixture contained 7.5 pmol of the E. coli 30S subunit and 10 mM MgCl 2 . Polyphenylalanine synthesis by the hybrid ribosomes was assayed with eEF-1α and eEF-2, as described previously [21] .
RESULTS AND DISCUSSION
Expression and isolation of P. horikoshii ribosomal proteins Ph-P0, Ph-L11 and Ph-L12 P. horikoshii ribosomal proteins Ph-P0, Ph-L11 and Ph-L12 were expressed in E. coli cells and isolated by HPLC. SDS/PAGE of the isolated proteins ( Figure 1A) showed that Ph-P0 (lane 1) and Ph-L11 (lane 3) appeared as single bands of 39.5 kDa and 18.4 kDa, close to the predicted molecular masses of 37.5 kDa and 17.7 kDa respectively. However, Ph-L12 appeared as a major band of 27.9 kDa with smearing (lane 2). This value is close to twice the predicted size of Ph-L12 (11.8 kDa), suggesting that Ph-L12 forms a homodimer, which is extremely stable even after heating at 95
• C in SDS solution. After treatment of Ph-L12 with 1-2 % H 2 O 2 and subsequently with the SDS sample solution, a smeared band of approx. 15 kDa appeared, corresponding to the monomer ( Figure 1B, lanes 2 and 3) . This tight association of the proteins was also observed in the N-terminal halves of Ph-L12 (T. Naganuma and T. Uchiumi, unpublished work), which implies that Ph-L12 monomers bind tightly to each other through interaction with the N-terminal halves. The destabilization of the stalk dimer by treatment with H 2 O 2 has also been reported in E. coli L7/L12 [47, 48] . The molecular details of the destabilization of the Ph-L12 homodimer with H 2 O 2 remain to be clarified.
In vitro reconstitution of Ph-P0 ᭹ Ph-L12 and Ph-P0 ᭹ Ph-L12 ᭹ Ph-L11 ᭹ rRNA complexes Ph-P0 was mixed with 6 M-fold amount of Ph-L12 and analysed by non-denaturing gel electrophoresis (Figure 2A ). An intense band appeared (lane 3) with different mobility from those of isolated Ph-L12 (lane 1) and Ph-P0 (lane 2). To confirm that the new band in lane 3 of Figure 2 (A) corresponded to the Ph-P0 ᭹ Ph-L12 complex, the band was cut out of the gel and subjected to SDS/gel electrophoresis ( Figure 2B ). The new band contained three protein components (lane 3) corresponding to Ph-P0 (lane 2), the Ph-L12 dimer, and its monomer dissociated presumably by oxidation of the dimer during native gel electrophoresis (lane 1). The results indicate that the expressed Ph-P0 can form a complex with Ph-L12 homodimers in vitro.
We recently analysed the binding sites for eukaryotic P1-P2 heterodimers within silkworm P0 [39] . The truncation mutant of silkworm P0 ( Figure 3A) , C 107, which lacks the C-terminal amino acid residues 210-316 failed to bind the two P1-P2 dimers, whereas the mutant lacking residues 236-316 (C 81) retained the ability to bind a single dimer. By using various truncation mutants including C 81 and C 107, we concluded that the region containing residues 210-235 in silkworm P0 is involved in binding one of the two P1-P2 dimers and the region spanning residues 236-261 is for binding another dimer. An alignment of sequences around the putative stalk binding sites of P0-like proteins shows some similarity between eukaryotic and archaebacterial proteins, although the sequence identity is low ( Figure 3A) .
To determine whether archaebacterial Ph-P0 also has binding sites for Ph-L12 homodimers in this region, we constructed Ph-P0 mutants in which the C-terminal amino acids 238-342 (C 105) and 212-342 (C 131) were truncated ( Figure 3A ). The C 105 and C 131 truncation mutants of Ph-P0 correspond to the C 81 and C 107 truncation mutants of the silkworm P0, which could bind only one and no P1-P2 heterodimer respectively [39] . Binding of Ph-L12 homodimers to the truncated Ph-P0 mutants was tested by non-denaturing gel electrophoresis ( Figure 3B ). After mixing the C 105 Ph-P0 mutant with Ph-L12, a band that migrated slightly faster (lane 3) than that of the wildtype Ph-P0 ᭹ L12 complex appeared (lane 2). However, the C 131 Ph-P0 mutant did not form a complex with Ph-L12 (lane 4), suggesting that binding sites for Ph-L12 homodimers are present within the C-terminal 131-amino-acid sequence of Ph-P0, and that there may be a conserved feature, at least in part, in binding to P0-like proteins between the archaebacterial Ph-L12 homodimer and the eukaryotic P1-P2 heterodimer. Further biochemical, biophysical and crystal structure analyses will elucidate the details of the interaction between Ph-P0 and Ph-L12 dimers.
To test the ability of the expressed archaebacterial ribosomal proteins to bind the 1070 domain of 23S rRNA, gel mobility-shift assays were performed using the eL12 (lane 4). These cross-bindings were also tested with the equivalent RNA fragments of rat 28S rRNA ( Figure 5B ) and E. coli 23S rRNA ( Figure 5C ). These protein homologues bound equally well to the 1070 rRNA fragments from members of the three kingdoms, suggesting that there are highly conserved protein-RNA interactions at the GTPase-associated centre among the three kingdoms.
Functional properties of the P. horikoshii ribosomal proteins assembled on to the E. coli 50S particles
We have established in vitro conditions under which to replace the E. coli ribosomal protein L11 and the L10 ᭹ L7/L12 complex on RNA fragments of the 1070 rRNA domain from P. horikoshii 23S (A), rat 28S (B) and E. coli 23S (C). rRNAs (lanes 1) were mixed with the E. coli L10 ᭹ L7/L12 complex and L11 (lanes 2), the Ph-P0 ᭹ Ph-L12 complex and Ph-L11 (lanes 3), and the silkworm P0 ᭹ P1-P2 complex and eL12 (lanes 4), and were analysed as described in Figure 4 . the 50S subunit with eukaryotic counterparts eL12 and P0 ᭹ P1-P2 respectively [25] . The resultant hybrid ribosome showed polyphenylalanine synthesis, as well as GTPase activity, that was dependent on eEF-1α and eEF-2, but not on prokaryotic EF-Tu and EF-G [25] . This hybrid system is therefore useful for studying the functional role of the stalk protein complex at the GTPaseassociated centre and also the structural determinants responsible for the kingdom-dependent specificity between ribosomes and translation factors. We attempted to examine the functional characteristics of the archaebacterial stalk-constituting proteins, Ph-P0, Ph-L11 and Ph-L12, expressed in E. coli cells. The formation of the hybrid 50S particles that resulted from mixing E. coli 50S cores with archaebacterial proteins was confirmed by acrylamide/agarose composite gel electrophoresis ( Figure 6 ). The gel mobility of E. coli 50S cores (lane 1) was shifted upwards by the addition of recombinant Ph-P0 (lane 2) and Ph-L11 (lane 4), but not Ph-L12 (lane 3). Supershifts were observed after mixing Ph-P0 with Ph-L11 (lane 5), Ph-P0 with Ph-L12 (lane 6), or all three proteins (lane 7), implying that the three proteins are bound to E. coli 50S cores.
The hybrid 50S particles, together with E. coli 30S subunits, were tested for their function in enhancing accessibility to translocases from P. horikoshii ( Figure 7A ), pig liver ( Figure 7B ) and E. coli ( Figure 7C ). The GTPase activity of the hybrid ribosome carrying Ph-P0 ᭹ Ph-L12 and Ph-L11 (Ph) was compared with that of the hybrid carrying silkworm P0 ᭹ P1-P2 and eL12 (Bm), and also the E. coli ribosome reconstituted with L10 ᭹ L7/L12 and L11 (Ec). The Ph-hybrid ribosome showed GTPase activity not only with P. horikoshii EF-2 ( Figure 7A ), but also with animal eEF-2 ( Figure 7B ). No activity of the Ph-hybrid was detected with E. coli EF-G ( Figure 7C ). Low P. horikoshii EF-2-dependent activity with the Ph-hybrid ribosome assayed at 37
• C could be predicted, considering that the optimum temperature for growth of P. horikoshii is extremely high (98 • C). Rather, it was unexpected that the Ph-hybrid showed high GTPase activity with animal eEF-2 at 37
• C, which was comparable with that of the silkworm hybrid ribosome carrying silkworm P0, P1/P2 and eL12 ( Figure 7B ). The functional accessibility of the hybrid ribosome carrying P. horikoshii proteins to eEFs was also tested in the polyphenylalanine synthesis assay, which is dependent on both eEF-1α and eEF-2 ( Figure 8 ). The hybrids carrying the L10-like and L7/L12-like proteins from P. horikoshii and silkworm had comparable activity, although the addition of Ph-L11 instead of E. coli L11 or the silkworm homologue eL12 slightly decreased the activity. These results imply that the archaebacterial ribosomal proteins at the GTPase-associated centre have the potential to make the ribosome accessible to eEFs. The results also suggest that the L10-like and L7/L12-like proteins, but not the L11-like protein, are responsible for the specificity between Figure 7 The GTPase activity of the hybrid ribosomes dependent on P. horikoshii EF-2 (A), pig eEF-2 (B) and E. coli EF-G (C) E. coli 50S core particles (2.5 pmol) deficient in L10, L7/L12 and L11 were pre-incubated with 10 pmol of each of L10 ᭹ L7/L12 and L11 (Eco). The 50S cores were also incubated with 10 pmol of each of Ph-P0 ᭹ Ph-L12, and Ph-L11 (Ph) or silkworm P0 ᭹ P1-P2 and eL12 (Bm). The resulting 50S particle samples were assayed for GTPase activity in the presence of E. coli 30S subunits (7.5 pmol).
Figure 8 Polyphenylalanine synthesis of hybrid ribosomes dependent on eukaryotic elongation factors
The 50S core particles (10 pmol) were pre-incubated with L10-(20 pmol), L7/L12-(120 pmol) and L11-like proteins (20 pmol) from E. coli (Eco), P. horikoshii (Ph) or Bombyx mori (Bm, silkworm) in various combinations as indicated, and then assayed for polyphenylananine synthesis dependent on pig eEF-1α and eEF-2, in the presence of E. coli 30S subunits (50 pmol).
ribosomes and translation factors. This conclusion is consistent with previous data regarding direct contact between the stalk protein and EF-G [49] , but is inconsistent with another report on direct L11-EF-G contact [10] . In the present study, it is particularly noteworthy that Ph-L12 homodimers are compatible with eukaryotic P1-P2 heterodimers. We infer that functionally important structural elements of the stalk are preserved from archaebacterial homodimers to eukaryotic heterodimers.
Conclusions
The present study demonstrated the in vitro reconstitution of the P. horikoshii ribosomal GTPase-associated centre from purified components, which were cloned and expressed individually. The stalk protein, Ph-L12, was strongly bound as a dimer presumably through interactions between the N-terminal halves. The Ph-L12 homodimers bound to the C-terminal half of Ph-P0 in a similar manner to eukaryotic P1-P2 heterodimers [39] , although the number of dimers bound to Ph-P0 has not been determined in this study. The Ph-P0 ᭹ Ph-L12 complex and Ph-L11 bound to the 1070 rRNA domain from the three kingdoms in the same manner as the equivalent proteins from eukaryotes and eubacteria. The Ph-P0 ᭹ Ph-L12 complex and Ph-L11 could replace the L10 ᭹ L7/L12 complex and L11 respectively, on the E. coli 50S subunit. The P. horikoshii-E. coli hybrid ribosome showed functional accessibility for eEF-1α and eEF-2. The levels of GTPase and polyphenylalanine synthesis activity were comparable with those of another hybrid ribosome carrying the eukaryotic P0 ᭹ P1-P2 complex and eL12 instead of Ph-P0 ᭹ Ph-L12 and Ph-L11. These results suggest that the archaebacterial ribosomal proteins have the potential to function with eEFs. These results are reasonable, when considering that the amino acid sequences of the archaebacterial proteins resemble eukaryotic rather than eubacterial counterparts [see Supplementary Figures S2-S4 at http:// www.BiochemJ.org/bj/396/bj3960565add.htm]. On the other hand, the present evidence is not consistent with previous observations that archaebacterial ribosomes (with the exception of those from methanogens) show no accessibility to eEFs [27, 28] . This discrepancy may be explained as follows. Archaebacteria grow in extremely hot, acidic or salty conditions. It is probable that the overall structure of the archaebacterial ribosomal machinery does not work with eEFs that function under normal conditions. However, some archaebacterial ribosomal proteins may, in part, have functional compatibility with the equivalent eukaryotic ribosomal proteins. By using the hybrid system with E. coli ribosomes, we have demonstrated that the proteins constituting the archaebacterial GTPase-associated centre are compatible with their eukaryotic counterparts, at least for translation elongation.
This work was supported by Grants-in-Aid for Scientific Research (number 14035222 to T. U. and number 16760633 to T. N.), a research grant from the National Project on Protein Structural and Functional Analyses (to T. U.), and Grant-in-Aid for 21st Century COE Program (to T. N.) from the Ministry of Education, Culture, Sports, Science and Technology of Japan. This study was also supported in part by a Grant for Promotion of Niigata University Research Projects (to T. U.).
